An assay to monitor homologous recombination in plant cells has been established by cotransfecting Nlcotlana plumbaglnlfolla protoplasts with different topological forms of plasmlds of various deletion mutants of a non-selectable marker gene, the 0-glucuronidase (GUS) gene. Transient GUS enzyme activities were measured by a sensitive assay. In the nuclear DNA of the cotransfected protoplasts the recombined complete GUS gene could be detected by a specially modified PCR analysis. In comparison to the standard assay, which monitors homologous recombination by Integration of a selectable marker, the described assay avoids position effects of gene expression, is fast, easy to handle and large numbers of samples can be processed simultaneously. We were able to demonstrate a positive correlation between the length of overlapping homology (up to 1200 base pairs) of the transfected supercoiled circular or linearized plasmids and the respective GUS activities. We found a significant drop in the recombination rates when the overlap of both substrates was reduced to 456 basepairs or less. The requirement for such a long stretch of homology for efficient recombination might ensure the stability of the rather repetitive plant genome.
INTRODUCTION
Homologous recombination is one of the basic mechanisms for the rearrangement of genetic material. Homologous recombination has been well studied in prokaryotes (1) and simple eukaryotes (2) . In higher organisms, three different approaches have generally been used to study homologous recombination mediated by cellular functions: extrachromosomal recombination between transfected DNA molecules, chromosomal recombination between repeated genes stably integrated in the genome and recombination between introduced DNA molecules and homologous sequences in the chromosome ('gene targeting') (for reviews see [3] [4] [5] .
Extrachromosomal recombination in mammalian cells has been studied extensively. The scheme most commonly employed involves monitoring the reconstitution of a gene encoding a selectable marker via recombination between two defective sequences. As selectable marker the herpes simplex virus thymidine kinase gene (6) (7) (8) (9) or the neomycin resistance gene (10-12) was used. Systems using non-replicating plasmid DNAs commonly involve direct selection for expression of the integrated reconstructed marker gene two or more weeks after transfection. Using this approach it has been demonstrated that the extrachromosomal recombination rate in mammalian cells is correlated with the length of homology (10) and the topological state of the plasmids. Double-strand (ds) breaks in one or both of the plasmids drastically enhanced the rate with which recombinants were recovered (6,7,13 -16) Extrachromosomal recombination in plant cells has not been extensively analysed. Nicotiana tabacum protoplasts were stably transformed with plasmids containing overlapping parts of the neomycin phosphotransferase II gene (17, 18) . Baur et al. (18) were able to show that using one or two linearized plasmids the number of colonies increased with increasing length of overlapping homology from 6 to 405 base pairs (bp) . No clearcut correlation could be established between the length of overlapping homologies of circular supercoiled plasmids and recombination frequencies.
However, in the experiments referred to so far, recovery of selected transformants is not only dependent on the initial recombination event that reconstructs the marker gene but also on subsequent stable integration and expression of the gene in the eukaryotic genome. Thus, position effects due to integration of the recombined gene into differently active chromosomal sites may lead to distortions of recombination rates. Such effects are circumvented by the use of a transient assay system, like that developed for rat fibroblast cells by Wong and Capecchi (19) . They detected recombination events in individual rat fibroblast cells which were injected with two deletion mutants of a hamster adenine phosphoribosyltransferase gene by counting single positive cells on autoradiograms.
In this communication we describe a transient enzyme assay to monitor homologous DNA recombination by transfecting Nicotiana plumbaginifolia protoplasts with plasmids containing overlapping truncated |3-glucuronidase (GUS) genes. We show directly that the GUS activity is due to the appearance of the recombined functional GUS gene in the nuclei of plant protoplasts. Furthermore we examine the influence of the length of overlap between 2 and 1200 bp of supercoiled circular and linear plasmid forms on the recombination rate.
MATERIALS AND METHODS

Cloning procedures
Standard cloning procedures were used (20) . The plasmid pMGOL 1 (21) contains the cauliflower mosaic virus (CaMV) 35S promoter driving the GUS gene which is fused to the first 29 amino acids of the ORF V of CaMV and terminated by the nopaline synthetase (NOS) terminator. The modified GUS gene together with its transcription signals was cut out of the plasmid with Ncol and EcoRI, the ends of the fragment were filled in with Klenow polymerase and the fragment was cloned in the HincII site of pUC7 (22) . From this plasmid, pGUS 23, four N-terminal and four C-terminal deletion mutants were constructed.
The N-terminal deletion mutants were constructed by cutting pGUS 23 with Kpnl, a single site between the 35 S promoter and the GUS ORF, the C-terminal deletion mutants by cutting pGUS 23 with SacI, a single site between the pGUS ORF and the terminator. Linearized pGUS 23 was restricted with an appropriate enzyme which cuts within the GUS ORF as shown in Figure 1 . For the N-terminal deletion mutants the restriction enzymes BsmI (Biofinex, Praroman, Switzerland), Bell (Biofinex; as Bell is not able to cut methylated sequences for this special construction pGUS 23 was retransformed in the darn" strain BHB 3225), SnaBI (Biofinex) and MscI (Biolabs, Schwalbach, FRG), for the C-terminal deletion mutants Sspl (Boehringer, Mannheim, FRG), BstBI (Biolabs), AlwNI (Biolabs) and MscI were used. In two cases (AlwNI and Sspl) partial digestions had to be performed because recognition sites for the particular enzyme occur also in pUC7. The desired DNA fragments were blunt-ended by T4 DNA polymerase (Boehringer), purified by low melting agarose gels and self-ligated.
Plasmids were propagated in E. coli strain DH 5a, isolated as described (20) and purified by CsCl density gradient centrifugation. Supercoiled DNA was removed from the gradient and precipitated with ethanol. The DNA concentration was measured spectrophotometrically and the purity of the plasmids was checked by agarose gel electrophoresis. In some cases a defined amount of plasmid DNA was linearized by digestions with the appropriate restriction enzyme and the completeness of the digestion was controlled by gel electrophoresis. After digestion the DNA was extracted by phenol/chloroform (1:1 v/v) and precipitated. Both linear and supercoiled plasmid DNAs were resuspended in water under sterile conditions and their concentration was again determined spectrophotometrically.
Isolation and transfection of protoplasts
Mesophyll protoplasts of N. plumbaginifolia were enzymatically isolated from leaves of sterile shoot cultures as described (23) . 0.3 ml aliquots of freshly isolated protoplasts of a density of 2xlO 6 /ml were distributed in 15 nil Falcon tubes and mixed with 5 to 15 ftl of the appropriate plasmid solution. The DNA amount used was always 5 fig per plasmid. 0,3 ml PEG solution 40%(w/v) PEG 6000 (Merck, Darmstadt, FRG) was added, one to 5 minutes after gentle mixing 4 ml of K3 medium was added to the protoplasts. The protoplasts were incubated 15 hours in the dark at 25°C and transferred to centrifuge tubes. 7 ml W5 medium was added per sample and the protoplasts were harvested by centrifugation (24) .
Every experimental series included 5 /tg of pGUS 23 as a 'positive control'. The GUS activities of extracts of protoplasts transfected either with supercoiled circular or Seal-linearized pGUS 23 turned out to be almost identical in repeated experiments. As 'background' control for a batch of protoplasts plasmid DNA was omitted in the transfection procedure. In pilot experiments the usefulness of carrier DNA in our system was tested. With 5 -10 fig of carrier DNA (sheared salmon sperm DNA of 2 -10 kb) only a slight enhancement of GUS activity could be measured, regardless of whether a recombination event was required for the GUS activity, whereas 10 /tg and more carrier DNA even reduced the efficiency of the assay. Therefore carrier DNA was omitted except in cases in which the role of unspecific nucleases in the recombination event was to be determined (see Results, Mscl-linearized plasmids). /3-Glucuronidase assays Soluble extracts of protoplasts were prepared as described (24) . In pilot experiments GUS activities were assayed spectroscopically with p-nitrophenyl glucuronide (Fluka) as described (25) . In experimental series the much more sensitive MUG (Methylumbelliferyl-D-glucuronide, Sigma) was used as substrate and the reaction product was assayed fluorometrically with a Perkin Elmer LS-3 Fluorescence Spectrometer, as described by Jefferson (26) . Normally, 20 /tl of protoplast extract was added to 1 ml solution of 1 mM MUG in 100 mM Sodiumphosphate pH 7.0 , 10 mM EDTA, 0.1 % (v/v) Trition X-100, 0.1% (v/v) Sarcosyl and 10 mM 2-Mercaptoethanol. After 30 minutes, 1, 2, 4 and 18 hours, 100 /d aliquots were removed and the reaction was stopped by adding 1.9 ml 0.2 M Na 2 CO 3 .
Four of the five time points taken were used to calculate the average /3-glucuronidase activity. The amount of protein in the protoplast extract was analyzed spectroscopically on microtiter plates using the Bradford kit (Biorad) and the average of two samples was taken. The measured GUS activity was normalized to the determined protein content of the respective sample.
Calculation of GUS activities
The absolute GUS activity of the positive control was normally around 15 nM MU/min X mg protein. Values of 0.5-5% GUS activity were found when, in different experimental series, cotransfections of pGUS 23C1 and pGUS 23N1 were compared with the unrecombined gene. If on the other hand different recombination partners were compared to the standard recombination pair pGUS 23C1 Scal/pGUS 23N1 Seal in different experimental series the variations found were much smaller. Thus different protoplast preparations seem to differ more in the efficiency of DNA recombination than of transcription/translation activity. To normalize our results we therefore set the value of the combination of pGUS 23C1 Scal/pGUS 23N1 Seal as 1 and normalized our results to this value. This allowed us to exclude variabilities caused by different recombination activities of different protoplast preparations.
Isolation of nuclear DNA from protoplasts and detection of the recombined GUS gene by PCR
Protoplasts (5-lOxlO 6 per sample) were transfected with plasmid DNA (10 /ig per 1X10 6 protoplasts) of pGUS 23C1, pGUS 23N1 or both. Nuclei were isolated from the transfected protoplasts 15 hours after transfection using a procedure modified from that of Gerlach and Bedbrook (27) . Protoplasts were broken in a mortar in a solution containing 10 mM Tris pH 9.4, 10 mM EDTA, 80 mM KC1, 4 mM Spermidine (Sigma), 1 mM Spermine (Sigma), 5% (v/v) Glycerol, 2% (v/v) Triton X100 and 0.1 % (v/v) jS-mercaptoethanol. After filtering the extracts through filter cloth with pore sizes of 50 and 20 /tm, the nuclei were pelleted by a 1200xg centrifugation. Nuclei were incubated in 50 mM Tris-HCl pH 8.0, 20 mM EDTA first with RNase A (100 ftg/ml) for 30 minutes and after adding Sarcosyl to a final concentration of 1 %, with Pronase (100 /tg/ml) for 120 minutes. DNA was extracted with phenol-chloroform and ethanol precipitated. After restriction digestions with Kpnl and Sad and gel electrophoresis, DNA of the appropriate size was cut out of the gel, eluted and equal amounts of DNA were used for PCR. As primers pCl 5' pGCTCTAGAGT CCTGTAGAAA CCCC-AACCCG TG 3' and pNl 5' pGCAAGCTTGA TGGTAT-CGGT GTGAGCGTCG C 3' were used. PCR was done with Vent-Polymerase as described by the manufacturer (Biolabs, Schwalbach, FRG) using the Perkin Elmer Cetus DNA Thermal Cycler. 45 cyles with 1 min 94°, 1.5 min 52° and 4 min 72°C were performed.
Southern blots were performed as described (20) using the hybridization membrane 'Genescreen' (DuPont, Boston, USA). Plasmid DNA fragments labeled with a-32 P-ATP using the random primed labeling kit of Boehringer (Mannheim, FRG) were used as hybridization probes.
RESULTS
GUS deletion mutants are not functional and do not complement each other
In order to monitor intermolecular recombination between plasmids in N. plumbaginifolia cells, we constructed overlapping N-terminal and C-terminal GUS deletion mutants as described in detail in Materials and Methods and shown in Figure 1 . The clones pGUS 23N1 to pGUS 23N4 have deletions of 187, 221, 515 and 743 bp respectively in the 5'-part of the GUS gene and the clones pGUS 23C1 to pGUS 23C4 deletions of 601, 756, 1030 and 1245 bp respectively in the 3'-part of the GUS gene. Functional parts of the promoter or the terminator motifs were not deleted. The PEG transformation method was used to transfect protoplasts. Extracts of protoplasts cotransfected with a 3' and a 5' deletion mutant of the GUS gene were shown to display GUS activity (see below). Deletion mutants, transfected alone into protoplasts, were by themselves not able to produce a functional enzyme. However the possibility that the truncated proteins of two different deletion mutants could complement each other and achieve a measurable enzyme activity also had to be tested. Extracts from protoplasts transfected with single GUS deletion mutants were mixed in every possible pairwise combination to monitor GUS activity. Again, in repeated experiments with all 16 combinations in no case could GUS activity be detected. Thus we could exclude that the GUS activity measured in cotransfection experiments was due to factors other than nucleic acid interactions between the respective GUS deletion mutants.
Hie GUS activity is due to the restoration of the functional GUS gene
To prove that homologous DNA recombination is responsible for the observed enzyme activities it was necessary to detect the recombined functional GUS gene in the plant protoplasts. For this purpose, we cotransfected protoplasts with supercoiled circular pGUS 23N1 and pGUS 23C1 plasmid DNA. Simultaneously protoplasts were transfected with the same amount of each of the plasmids alone. After extraction of nuclei, the DNA was digested with Kpnl and Sad, a combination of enzymes which liberates a 2 kb GUS fragment indicative of a recombination event (see Figure 2A , lane 3). Deletion mutants pGUS 23C1 and pGUS 23N1 have lost either one or the other restriction site and therefore digestion with Kpnl and Sad only linearizes the plasmids (see Figure 2A, lane 1,2) . Separation of the expected recombined gene from pGUS 23C1 and pGUS 23N1 was accomplished by agarose gel electrophoresis. A Southern blot of a gel on which the same samples were separated is shown in Figure 2A . The size range of 2.2 to 1.8 Kb (arrow in lane 6 of Figure 2 A) was cut out of the gel and the appropriate DNA was eluted. This was done both for cotransfected protoplasts and for protoplasts transfected with pGUS 23C1 or pGUS 23N1 alone (lanes 4 and 5 in Figure 2A ). To detect the recombined GUS gene PCR was used. The two primers pCl and pNl were complementary to two regions of the GUS ORF that are both present only in the recombined gene (see Figure 1 ). Equal amounts of DNA from singly and doubly transfected protoplasts were used for the amplification. In a reconstitution experiment purified DNA from protoplasts transfected with either pGUS 23C1 or pGUS 23N1 was combined and used as a control to exclude artefacts during the amplification procedure. After 45 cycles a band in the expected size range (compare in Figure 2B lane 1 with lane 5, the band is marked by an arrow) was visible in DNA extracted from protoplasts that were simultaneously transfected with pGUS 23C1 and pGUS 23N1. In the lane of the reconstitution experiment (lane 4) no signal could be detected.
These results clearly show that the recombined GUS gene is present in the protoplasts simultaneously transfected with both plasmids ( Figure 2B ). To further sustain our finding the DNA of the gel was transferred by Southern blotting to a membrane and hybridized against a Bsml-Sspl fragment of the GUS ORF. This probe is specific for the internal part of the amplified GUS gene. It is not complementary to (see Figure 1 ) and does not crosshybridize with the oligonucleotides used for PCR (compare the primer bands (x) in Figure 2B with 2C). The autoradiogram ( Figure 2Q clearly shows a positive signal in lane 5 (marked with an arrow; compare with the positive control in lane 1), which corresponds to the amplified fragment in the gel ( Figure 2B ).
Length of homology of supercoiled circular plasmid DNA correlates with GUS activity
Supercoiled circular plasmid DNA in all 16 possible pairwise combinations of N-and C-terminal GUS deletion mutants was transfected into plant protoplasts and the GUS activity was measured. In order to compare the resulting enzyme activities between series of experiments using different batches of protoplasts the particular activities were normalized to the value of the pGUS 23C1 Scal/pGUS 23N1 Seal combination. Taking the average of four to five experiments (see Table 1 ), a positive correlation of GUS activity and the length of overlapping homology of the cotransfected plasmids was revealed. Like in other transient expression assays the variability range of the results between different experiments was quite wide, which is reflected by the sometimes large standard deviations measured for particular pairs (Table 1) . Interestingly overlaps of 456 bp and less showed significantly lower activities than longer overlaps (see also Figure 3 ).
Length of homology of plasmids, linearized outside the homology region, correlates with GUS activity
Topological structures of plasmid DNAs have been shown to influence their extrachromosomal recombination rate (3). The easiest way to achieve such a change is to linearize the supercoiled circular plasmid with an appropriate restriction enzyme at a defined position. We investigated the influence of a ds break in Table 1 . Relative GUS activity of protoplast extracts after cotransfection of 5' and 3' GUS deletion mutants of pGUS 23 (see Figure 1) . Table 1 all values in this graph were normalized to the GUS activity of extracts from protoplasts cotransfected with the Scal-linearized plasmids pGUS 23C1 and pGUS 23N1.
the plasmid DNA on the correlation of different length of overlapping homology and recombination rates. The plasmids pGUS 23N1 -pGUS 23N4 and pGUS 23C1 -pGUS 23C4 were linearized with Seal, an enzyme that cuts outside the test gene (see Figure 1) . The linearized plasmids possess uninterrupted overlapping GUS sequences and should therefore be able to undergo homologous recombination like the supercoiled circular plasmids. The results obtained indicate that Scallinearized plasmids exhibit a recombination behaviour similar to that of circular plasmids (Table 1 ). The enzyme activities of the supercoiled circular and Scal-linearized deletion mutants were almost identical between 2 and 784 bp overlap (Figure 3) . Again as the length of the overlap was reduced to 456 bp or less, the GUS activities suffered a sudden drop. In the range from 566 to 784 bp overlap no clear enhancement in the activities was found. Only if the overlap was increased to 885 bp or more did the linearized plasmids exhibit higher GUS activities than the circular ones.
GUS activities of plasmids linearized within the region of homology do not correlate with the length of overlap
Homologous recombination between different mutants of a gene should only be possible if the particular DNAs possess a stretch of overlapping homology. If this overlap is destroyed by a ds break no homologous recombination should take place and the GUS activity should not be correlated with the length of the formerly overlapping GUS sequences anymore. To test this hypothesis plasmids pGUS 23Nl-pGUS 23N3 and pGUS 23C1 -pGUS 23C3 were linearized with the restriction enzyme Mscl. The GUS activities of all possible pairwise cotransfections were extremely low (see Table 1 and Figure 3) . In contrast to the supercoiled circular and Scal-linearized plasmid forms no correlation between the length of overlap and GUS activities could be found.
In these cotransfections the GUS gene could either be restored by intermolecular ligation of two functional GUS gene halves of different plasmids or by an intramolecular religation and a consecutive recombination event. The low GUS activity could be either due to the fact that the crucial ligation step by itself is very inefficient or that the GUS ORF is destroyed by cellular nucleases before the ligation could have taken place. To discriminate between these two possibilities 10 fig of carrier DNA was used in some transfections to partly compete for the possible cellular enzyme activities. As in repeated experiments with the carrier DNA the resulting GUS activity was up to ten times higher than without we think that indeed cellular nucleases attacked most of the free ends of the GUS gene and thus prevented an interor intramolecular ligation step that would directly or indirectly restore the functional GUS gene.
DISCUSSION
Why a transient assay to monitor homologous recombination?
In general three different kinds of approaches can be used to monitor extrachromosomal recombination: 1. Transformation of E. coli with plasmids that harbour a selectable marker that can be restored in higher cells by homologous recombination ('rescue cloning'); 2. Detection of recombined molecules after stable transformation of the cells with a selectable marker gene; and 3. Detection of the recombined molecules by monitoring their enzyme activity.
'Rescue cloning' is the most laborious and the most indirect method. The DNA substrates are not only in contact with the DNA enzyme machinery of the host cells but afterwards also with that of E. coli. Therefore it never can be excluded that some of the recombination events might also have taken place in E. coli. Moreover, due to their topological state not all functional marker genes can be 'rescue cloned' and the cloning procedure might change the composition of the population of the recombined molecules. Due to these various reasons this approach has been only very seldomly used. (10, 28) .
The integration step in the commonly used integration assay totally relies on the enzyme machinery of the host cells. However only DNA molecules that are integrated into the genome and which are also expressed there can be detected afterwards. It is well known that depending on the location of the integration site in the genome not all genes are expressed. Often multiple copies of the same gene are integrated in one site. Due to the fact that there is a big difference in the integration behavior of linearized as compared to supercoiled circular plasmids this system might also somewhat overestimate the efficiency of recombination events involving linear DNA. Several authors proposed a link between recombination and integration events (i.e. 7, 12, 19) although recently the reverse has also been suggested (29) . The process of recombination itself might even enhance the integration of linear molecules with respect to the linear wild type marker gene used as an efficiency control. This could again imply that recombination events not involving a ds break would be underestimated.
The third alternative to monitor homologous DNA recombination is to measure enzyme activity of a recombined gene. By detecting integrated functional copies of the aprt gene in rat cells, Wong and Capecchi (19) were able to postulate a correlation of the transient enzyme activity of two microinjected plasmid deletion mutants of this gene and DNA recombination. This method has several advantages over those described above. First, the assay is easy and large numbers of samples can be processed relatively fast. As linear and supercoiled circular plasmids transfected in plant cells exhibit similar levels of enzyme activity (this work,30), recombination rates of circular and linear substrates are directly comparable. The assay ensures that only the recombination frequency and not a combination of recombination and integration frequencies is measured. Recombined molecules that are not stably integrated and expressed afterwards or which are not suitable for rescue cloning can also be detected. No artificial selection pressure is needed to detect recombination events. For these reasons, we set up a transient assay to monitor extrachromosomal recombination in plant cells.
Transient GUS activity is due to extrachromosomal homologous DNA recombination As none of our plasmid deletion mutants exhibited any GUS activity on its own or was able to complement any other deletion mutant in trans, the resulting GUS activity is most likely due to the interaction of different nucleic acid molecules carrying GUS specific sequences. We detected the recombined GUS gene in the nuclear DNA of protoplasts transfected with a combination of the plasmid deletion mutants pGUS 23N1 and pGUS 23C1 using an amplification procedure that excluded PCR artefacts. Thus we were able to demonstrate that the interaction took place at the DNA level. We therefore postulate that there is a direct correlation between homologous DNA recombination rate and GUS activity in our system. Until now it has not been possible to monitor extrachromosomal recombination between homologous DNA sequences in cells of higher organisms directly by detecting the extrachromosomal recombined DNA. A second step involving other cellular factors or other organisms had to be applied. Our PCR experiment therefore is the most direct approach that has ever been taken to demonstrate homologous recombination between extrachromosomal copies of DNA.
Frequency of the extrachromosomal DNA recombination in plant cells is dependent on the length of overlapping homology
In the present communication we show that in plant cells there is a positive correlation between the length of homology of the transfected linear and supercoiled circular plasmids and the respective GUS activities which correspond to recombination rates. Using the integration approach, Baur et al. (18) reported a correlation between a length of overlap from 6 to 405 bp and the recombination rate for linearized plasmids. We were able to extend this finding to overlaps of up to 1200 bp. We could demonstrate for the first time that in plant cells the recombination rate of supercoiled circular plasmids is also positively correlated to the length of overlap.
Interestingly, a significant drop in recombination rates of linear and also supercoiled circular substrates occurs when the overlap is reduced to 456 nucleotides (see Figure 3) . In other eukaryotic systems efficient homologous recombination also required a minimal length of homology. In one study a strong shift in recombination rates of replicating plasmids was found between 315 and 330 bp (10) , in another between 197 and 214 bp (12) . Intrachromosomal recombination in mammalian cells is more efficient when the length of overlap is 295 bp or larger (31) . This is in sharp contrast to E. coli, in which a perfect overlap of 20 bp seems to be sufficient to promote recombination (32) . We think that these findings are of great biological importance. Mammals as well as plants have huge genomes in contrast to bacteria. Only very few sequences present in the genome of higher organisms really exhibit more than 300 bp of perfect homology. In plants satellite DNAs and also the repetitive elements of the intergenic spacer of the ribosomal RNA genes are in general smaller in size (33) . Moreover, even two mismatches within 232 bp can drastically reduce the intrachromosomal recombination rate of a marker gene in mammalian cells (34) . We therefore think that, in plants as in mammals, the genome is stabilized by a tight homology requirement for efficient homologous recombination.
It seems, as shown in Figure 3 , that also between 500 and 800 bp overlap the recombination rates are not significantly increased. This effect might be due to the recombination apparatus of the plant cell. It is tempting to speculate that the same factors that are the cause of the low recombination rates up to about 400 bp overlap might also be responsible for the constant rates between 500 and 800 bp overlap. One might imagine a cellular machinery that needs a certain length of overlap (about 400 bp) for efficient recombination. If twice that length is supplied (about 800 bp) recombination rate is enhanced because two enzyme complexes can interact independently or cooperatively with the DNA. With overlaps more than 800 bp the Seal-linearized plasmids exhibited about double the recombination rates of the supercoiled circular ones. This could be due to some sterical hindrance of the supercoiled plasmids with such long overlaps in the recombination process. However another explanation is also possible. The longer the overlap between different Seal-linearized plasmids, the closer the relative position of the ds break gets towards the sequence that takes part in the recombination event. The ds break might therefore enhance recombination rates in a distance-dependent manner.
It is formally possible that the recombination behaviour of the GUS deletion mutants shown in Figure 3 is also due to two recombination hot spots at different sites in the GUS gene. We regard this possibility as highly unlikely because one would have to postulate that these putative hot spots in our system would not be able to influence recombination rates of adjacent sequences up to several hundred bp, which is not in accordance with findings in other systems (i.e. 35 -37) .
A transient assay is useful for monitoring homologous DNA recombination in plant cells
Until recently only very little was known about the mechanism of extrachromosomal homologous recombination (ECR) in plant cells (18) . Using the described assay we recently performed a series of experiments that clearly demonstrate that the mechanism of ECR in plant cells is described best by the 'single strand annealing' model, which was originally proposed (7, 38) to describe die mechanism in animal cells (Puchta and Hohn, submitted). Thus in plant-like in animal cells the mechanism of extrachromosomal and intrachromosomal recombination seem to differ, at least in some of their steps.
The described transient assay will also be useful for analysis of enzymes involved in the recombination process and for the investigation of the dependence of this process on the cell cycle (39) . The assay also should be applicable to test if there are specific DNA sequences that can enhance recombination in plant cells ('hot spots'). This has been shown before in animal cells for Z-DNA like sequences (40, 41) and minisatellite DNA sequences (36) . Identifying recombination enhancing sequences might also be useful for increasing the efficiency of gene targeting in plants (42) as it has been shown for illegitimate recombination in plants (43) .
